Micro-turbomachinery implements gas bearings in compact units of enhanced mechanical reliability. Gas bearings, however, have little damping and are prone to wear during frequent rotor start-up and shut down conditions. Externally pressurized gas bearings provide a simple solution to overcome excessive drag and allowing rub-free operation during transient response events. Some commercial MTM currently implements gas foil bearings, a costly proprietary technology with few, if any, proven reliable predictive design models. The thrust at TAMU is to investigate conventional bearings of low cost, easy to manufacture (common materials) and easy to install and align.
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Introduction
Microturbomachinery (MTM), output power below 400 kW, typically operates at high speeds and extreme temperatures and delivers reliable power in compact units of low weight.
Gas bearings eliminate complex oil lubricating and sealing systems and reduce overall system length and weight [1] . Gas bearings also provide lower friction, less heat generation and power losses than oil-lubricated bearings [2] . Gas bearings thus provide many benefits, satisfy environmental restrictions, allow for extreme operating conditions [3] , and even add value for those concerned with global warming.
Gas bearings, however, have low damping and load-carrying capacity due to the inherently small gas viscosity [4] . Consequently, gas bearings are not able to generate large enough hydrodynamic pressure fields to support applied (static or dynamic) loads during rotor start-up or shutdown events. Externally pressurized gas bearing configurations prevent transient rotor-bearing contact and reduce wear while at start up and shut down conditions [5] .
Gas foil bearings are customarily used in air cycle machines, auxiliary power units, and commercial MTM because of their distinct advantages including tolerance to shaft misalignment and centrifugal/thermal growth, and large load capacity compared to rigid surface gas bearings [6] . However, the expensive development cost and lack of reliable analytical tools have limited universal application of foil bearings in larger TM.
Tilting pad bearings are widely used in high performance turbomachinery because of their inherent stability characteristics resulting from no generation of cross-coupled stiffness coefficients [7] . Flexure pivot tilting pad bearings, machined as a single piece using wire EDM (Electrical Discharge Machining) shown in Figure 1 , provide the same rotordynamic advantages as tilting pad bearings. Flexure pivot tilt pad bearings eliminate pivot wear, contact stresses and pad flutter, and minimize the manufacturing tolerance stack-up [8] .
Integrally machined pads with the bearing shell offer a compact unit, easier to install and maintain. Zhu and San Andrés [9] describe rotordynamic measurements of a high speed rotor supported on flexure pivot tilting pad gas hydrostatic bearings. Tests without supply pressure show the rotor becomes unstable at ~81 krpm with a whirl frequency ratio of ~20%. With external pressurization, the rotor-bearing system is stable to the top speed of the drive motor, 99 krpm. San Andrés and Ryu [10] presents further rotordynamic measurements of a test rotor supported on flexure pivot tilting pad gas hydrostatic bearings for various mass imbalances, increasing supply pressures, and load-on-pad (LOP) and load-between-pad (LBP)
configurations. In particular, rotor deceleration tests with a manual control of the supply pressure into the hybrid gas bearings are conducted to eliminate high amplitudes of rotor vibration while crossing the system critical speeds. Figure 2 depicts the amplitudes of rotor synchronous response for increasing supply pressures as reported in [10] . As the supply pressure increases, the stiffnesses of the gas bearings increase, thereby increasing the rotorbearing system critical speed. The critical speed for 5 bar (absolute) feed pressure is +10 krpm higher than that for the no feed pressure condition. The measurements provide the opportunity for operating the rotor without traversing critical speeds by controlling the feed pressure into the bearings. The present work advances prior research [10] and presents additional rotordynamic demonstrations using an automated control system of the supply pressure into the bearings.
Open and closed loop control systems relate the supply pressure to the rotor speed and regulate the supply pressure into the test bearings. A simple and inexpensive electropneumatic air regulator controls the air supply pressure, whose magnitude is set as inversely proportional to the rotor speed. Comprehensive rotor speed deceleration tests are performed to characterize the rotor response for various pressure supply control methods and over certain rotor speed regions. Measured rotor responses for controlled supply air pressure are compared to predictions from computational models.
Review of Relevant Literature
High performance micro-turbomachinery (MTM) employs gas bearings because of their distinctive advantages over oil-lubricated bearings [2] . Gas bearings eliminate complex oil lubrication and sealing systems, and reduce friction, heat generation and power losses. Gas bearings, however, have low load-carrying capacity and small damping force coefficients because of the low gas viscosity, which typically is not large enough to effectively dissipate vibrational energy and to reduce amplitudes of rotor motion while traversing critical speeds of a rotor-bearing system [11] .
In industrial practice, API specifications require tight vibration restrictions. API 610 [12] and API 617 [13] standards determine the vibration limit of a rotating shaft, i.e., A u <(5.2×106/N) 0.5 and A u <25.4×(12000/N) 0.5 where A u is the peak-to-peak amplitude of unfiltered rotor vibration in μm and N is the rotational speed in rpm, respectively. These standards also restrict the maximum A u to 50 μm peak-to peak and 25 μm peak-to peak, respectively. In petroleum, chemical and gas industries, API 610 and API 617 standards cover the requirements for centrifugal pumps and axial/centrifugal compressors, respectively.
San Andrés and Ryu [10] report imbalance responses of a high speed rotor supported on hybrid flexure pivot tilting pad gas bearings with worn clearances. The experimental results
show that external pressurization into the test bearings stiffens the bearings, increasing the system (rigid rotor) critical speeds. Rotor deceleration demonstrations with manually controlled supply pressures eliminate the high amplitude rotor motions while the rotor passes through the system critical speeds region.
Nagaya et al [14] present an active vibration control method using memory-metal alloy supports to reduce rotor amplitude at the system critical speeds. The rigidity of the memorymetal alloy supports integrated with supporting ball bearings for the test rotor increases when heating control is applied, i.e., the stiffnesses of the bearing supports are controlled by heating and cooling of the memory-metal alloy materials. The memory-metal alloy supports are heated while approaching the system critical speeds to increase support stiffnesses, thereby raising the critical speeds. The rotor motion around the critical speed regime is not significantly reduced because of the response time lag of the memory-metal alloy supports.
However, test results evidence that the stiffness control of bearing supports could be applicable to control the vibration at the critical speeds of a rotor-bearing system in TM.
Santos [15] proposes an active tilting pad bearing using hydraulic actuators to adjust the Coast-down tests of a rotor in a power turbine test rig which integrates a metal mesh damper are performed for high operating temperatures. The metal mesh damper system provides ~75% less rotor imbalance response amplitude at the first critical speed compared to a lubricated system with a SFD. The damping provided by the metal mesh is not significantly affected by operating temperature.
Actively controlled bearing systems offer advantages over passive devices such as versatility in adjusting to the load condition and machinery configuration, and at times not requiring of additional lubrication systems [19] . However, active vibration control systems typically require an external power source to operate actuators supplying controlled forces for ready delivery to the rotating structure [20] . Most force actuators are limited in load amplitude and frequency span; thus cannot easily compensate for imbalance-induced forces which can be large at high rotational speeds [15, 21] .
Rho et al [22] investigate proportional, derivative and integral controls for control of active tilting pad bearings to reduce the imbalance response in a rotor-bearing system. A proportional control is more effective to suppress rotor imbalance response than a derivative control for speeds ranging from low to the critical speed of a rotor-bearing system. On the other hand, a derivative control is more efficient than the proportional control for rotor speed operation beyond the critical speed region. An integral control for the bearings shows superior vibration amplitude reduction at very low speeds, but it increases the overall imbalance response over the entire speed range. of the rotor is a keyphasor signal for data acquisition. References [9, 10, 24, 25] also detail the components of the test rig. The surface of the sleeves at the bearing locations is hard-chrome coated with a 0.25 mm thickness. The right journal sleeve has a smaller diameter than the left journal sleeve due to 8 extensive wear during prior rotor coast down tests [8] . Eight holes, 1 mm in diameter and 12 mm in a radial distance from the rotor center, are equally spaced on each rotor end face.
Fig. 3 Layout of gas bearing test rig and instrumentation
Test rotor and bearings
Balancing and added masses are inserted in these holes. clearances on the test bearings, and a comparison with prior measurements reported in [10] . Table 1 lists the main parameters of the test rotor and the bearings. For coast-down rotor speed tests (operating conditions #1, #5, and #6), the power to the motor controller is turned off allowing the rotor to freely coast down from 40 krpm. For operator set speed demonstrations (operating conditions #2, #3, #4, #7, and #8), the rotor speed is set manually, starting at 40 krpm and ending at 11.5 krpm; and then, the motor power is turned off. Note that the operator set speed demonstration obviously provides a longer deceleration time over the controlled feed pressure versus rotor speed region.
For operating conditions #2 and #3, the rotor speed is decreased manually, i.e., starting at 40 krpm. When reaching ~14.2 krpm, the supply pressure is manually increased from 2.36 bar to 5.08 bar (absolute) using an adjustable pressure control valve, as shown in Figure 9 (a). Operating condition #2 provides an instantaneous one-step pressure increase of 2.72 bar from 2.36 bar to 5.08 bar (absolute). Operating condition #3 implements a four-step supply pressure increase, 0.68 bar each step from 2.36 bar to 5.08 bar (absolute) with a 10 second time lag. For operating condition #4, the supply pressure varies as in operating condition #3, increasing from 2.36 bar to 5.08 bar (absolute) over a narrow speed range (13.9 ~ 13.0 krpm) as depicted in Figure 9 (b).
Operating conditions #5~#8 utilize the electro-pneumatic air regulator for active control of the supply pressure. Step # of supply pressure control over preset speed region 
Experimental Results
Determination of control speed regime for air regulator
In reference [10] , rotor deceleration tests with manual changes in supply pressure are performed to reduce rotor motion amplitudes while passing through a critical speed. Current demonstrations include controlled changes of supply pressure using the electro-pneumatic air regulator, and also manual changes in external pressurization. Figure 11 depicts the amplitudes of rotor synchronous motions along the right horizontal direction (RH) for operating condition #1 at supply pressures from 2.36 bar to 5.08 bar (absolute). Figure 12 shows the identified system critical speeds versus supply pressure from shaft motion measurements near the right bearing, horizontal direction (RH). External pressurization into the gas bearings increases their direct stiffnesses, thereby rising the system critical speeds. The critical speed increases linearly with supply pressure. Figure 15 shows that the peak amplitude of rotor response is completely eliminated by the sudden increase in supply pressure for both operating conditions #2 and #3.
Measured rotor response amplitudes for each operating configuration
For operating condition #4, the supply pressure into the test bearings is increased in a similar fashion as in prior measurements reported in Ref. [10] . The rotor motion amplitude abruptly decreases while varying the supply pressure over a narrow speed region from 13.9 krpm to 13.0 krpm, as shown in Figure 16 . Deceleration fixed rotor speed tests demonstrate that manual step-control of the supply pressure can effectively reduce the rotor synchronous response amplitudes while crossing the system critical speed.
Based on the test results shown in Figure 15 , the electro-pneumatic air regulator is used with a closed loop to control the supply pressure. Figure 17 shows that the rotor responses for operating configurations #5 and #7 have a similar behavior over the entire rotor speed range. 
Predictions of rotordynamic response and comparison to test results
The rotordynamic analysis consists of modeling the test rotor with XLTRC 2 ® and prediction of the bearing force coefficients with TILTPADHGB©. Computational code TILTPADHGB©, developed by San Andrés [26] , predicts the static and dynamic forced response of fixed or hydrostatic and hydrodynamic tilting pad gas. Table 3 shows the representative radial clearances and preload for the test bearings, as used to obtain predictions. Recall Table 1 details the bearing dimensions. The dimensionless pad preload for the previous experiments reported in [10] is 30%. Rotor speed coast-down tests in [10] deteriorated the pads' surfaces, thereby reducing the pad preload. Note that the radial clearances and preloads in Table 3 are representative only; Figure 6 shows the actual bearing clearances varying along the axial and circumferential directions. Figure 19 shows the 22 finite element structural model of the composite test rotor.
Measured free-free natural frequencies and mode shapes validate closely the rotor structural model, see Ref. [27] . analysis of the rotor-bearing system renders the natural frequencies and modal damping ratios, depicted in Figure 21 and Figure 23 , respectively. Figure 21 shows the predicted damped natural frequency of the test rotor-bearing system for 5.08 bar absolute feed pressure. Figure   22 depicts the first two rigid body modes, corresponding with the critical speeds at 13.2 krpm and 18.0 krpm shown in Figure 21 . The difference in force coefficients for the left and right bearings determines two rigid body conical modes; see Ref. [10] . Figure 23 depicts the predicted modal damping ratios for increasing feed pressures into the bearings. As the supply pressure increases, the modal damping ratios decrease. 
Comparison between predictions and measured imbalance responses
Imbalance responses for fixed supply pressures Figure 24 shows the predicted and measured synchronous rotor imbalance response for 5.08 bar absolute feed pressure into the bearings. The rotor motion measurements are along the horizontal direction near the left and right bearings. Table 4 shows the imbalance masses used in the analysis, 0.028 gram·mm and 0.565 gram·mm at the left and right ends of the rotor, respectively. Notice that the actual rotor imbalance distribution is unknown. The values used for rotordynamic analysis derive from matching the peak amplitudes of rotor motion at the system critical speed. 
Conclusions and recommendations
Earlier test results with hybrid flexure pivot gas bearings [10] show that external pressurization stiffens the bearings, thereby increasing the system critical speeds.
Furthermore, the measurements evidence that external pressurization into the test gas bearings is not necessary for operation beyond the critical speed of the rotor-bearing system.
In particular, the measurements of rotor motion during rotor speed coast downs while manually controlling the feed pressure show elimination of critical speeds with smooth operation over an entire operating speed range. The present work continues prior art [10] , and provides further rotordynamic demonstrations using a device to control the supply pressure into the hybrid gas bearings.
The test bearings comprise four pads, offset 60%, and 1 mm feeding holes in each pad.
The bearings have uneven pads surfaces due to former exhaustive coast-down demonstrations, thereby producing dissimilar clearance along the axial and circumferential directions. An inexpensive electro-pneumatic air regulator controls the air supply pressure into the bearings.
The feed pressure needs to increase as the rotor speed decreases over a relatively narrow speed region. Open and closed loop control systems of supply pressure into the test bearings are set up to relate the rotor speed to the supply pressure. Rotordynamic response measurements are conducted for eight test operating conditions based on various feeding pressure control methods and preset rotor speed regions.
Rotor coast down speed tests with constant feed pressure determine the rotor speed region for supply pressure control. The demonstrations show that step jump and multiple step-wise increases in supply pressure noticeably lessen the rotor synchronous response amplitudes while crossing the system critical speed. However, for a uniformly increasing (ramp) supply pressure condition, the rotor-bearing system encounters a sudden critical speed over the narrow preset speed region, thus showing a notable peak in the rotor synchronous response.
A FE rotordynamic analysis models the test rotor and integrates predicted synchronous bearing force coefficients. Linear rotordynamic predictions for cases with controlled supply pressures correlate very well with the test data. The experiments validate the computational model even when the bearings are known to be severely worn.
In practice, uneven and dissimilar bearing surface conditions affect the bearing force coefficients, thereby offering different critical speeds along the horizontal and vertical directions. To entirely eliminate high rotor amplitudes for each direction along the rotor, independent control of supply pressure for each feeding hole is preferable.
Flexure pivot tilting pad gas bearings are mechanically complex and costlier than other types of gas bearings. However, they provide superior stability and dynamic forced performance over other bearing configurations experimented with earlier, namely three-lobe bearings [24] and Rayleigh-step bearings [25] . The current work serves to advance hybrid gas bearing applications for use in high performance MTM and further demonstrates the reliability of the test bearings even when operating with worn pad surfaces. proportion to the supply pressure, as depicted in Figure 9 ; whereas, the damping coefficients show a decrease with supply pressure. 
